The feasibility of high-resolution Rutherford backscattering spectroscopy (HRBS) to study the initial stage of Si(001) oxidation is examined. It is shown that HRBS provides oxygen depth profiling with depth resolution at an atomic level. After oxidation of Si(001) at room temperature under 2 × 10 −6 Torr oxygen partial pressure for 20 min, the coverage of oxygen was determined to be 1.2 ± 0.3 ML.
Oxidation of Si(001) surfaces has been extensively studied because of its technological importance in the microelectronics industry. It was demonstrated by scanning reflection electron microcopy (SREM) that oxidation proceeds in the layerby-layer mode. 1) A barrierless oxidation of the first layer was observed to occur at room temperature (RT) and the energy barrier of the second layer oxidation was determined to be 0.3 eV. It is commonly accepted that one backbond site of each down dimer atom is first occupied by an oxygen atom in the first layer oxidation. [2] [3] [4] However, it is not clear how further oxidation proceeds. From the experimental viewpoint, neither the oxygen coverage nor the oxygen depth profile has been measured in the initial stage of oxidation because no reliable technique was available for the quantitative analysis of depth resolution at an atomic level. Recently, we have developed high-resolution Rutherford backscattering spectroscopy (HRBS) which allows quantitative analysis with monolayer resolution. 5) In the present paper, we discuss the feasibility of HRBS to study the initial stage of Si(001) oxidation. The detection limit and the depth resolution for surface oxygen atoms on Si(001) are examined.
The details of the HRBS system are described elsewhere. 5, 6) Briefly, a ultra high vacuum (UHV) scattering chamber (base pressure ∼1 × 10 −10 Torr) was connected to a 4 MV Van de Graaff accelerator via a differential pumping system. A beam of 350 keV He + ions was collimated to 2 mm × 2 mm and to a divergence angle less than 1 mrad, by a series of apertures. The beam current was monitored by a vibrating beam chopper and the typical beam current was 20 nA. The He + ions scattered from the target at 50
• were energy analyzed by a 90
• sector magnetic spectrometer. Since the He + fraction in the equilibrium charge state distribution is dominant (∼60%) and almost constant over the energy range of 200-400 keV, 7) the present HRBS measurement provides high quantitative reliability even though only He + ions are measured.
6) The acceptance angle of the spectrometer was 0.3 msr. The energy analyzed ions were detected by a one-dimensional position-sensitive detector (1D-PSD, length 100 mm) placed on the exit focal plane of the spectrometer. The 1D-PSD enables us to measure an energy spectrum (energy window 25%) without sweeping the magnetic field. The energy resolution of the spectrometer was designed to be better than 0.1% at an acceptance angle of 0.3 msr. The best energy resolution observed using the present HRBS system was 0.33 keV at 290 keV, including the energy spread of the incident beam. A quadrupole electrostatic lens (Q-lens) was installed between the target and the spectrometer to correct "kinematic broadening". This is discussed below. A Si(001) sample was mounted on a high-precision 5-axis goniometer in the UHV scattering chamber. A clean Si(001) surface was prepared by flashing at 1200
• C followed by growth of a Si buffer layer of ∼50 nm thickness at 650
• C. The clean Si(001) surface was oxidized in situ by introducing O 2 gas in the UHV scattering chamber. Figure 1 shows the HRBS spectra observed under the [011] channeling conditions. The spectrum observed before oxidation ( Fig. 1(a) ) and that after oxidation at RT under 2 × 10 −6 Torr oxygen partial pressure for 20 min ( Fig. 1(b) ) are shown. Due to the channeling effect, the background signal from the substrate silicon crystal is considerably reduced and the oxygen peak can be clearly seen at ∼292 keV in the spectrum after oxidation. Subtracting the background signal, the areal density of the surface oxygen is estimated to be 1.2 ± 0.3 ML (1 ML = 6.78 × 10 14 cm −2 ), showing the sub-monolayer sensitivity of HRBS for oxygen at the silicon surface.
The full width at half maximum (FWHM) of the observed oxygen peak is ∼1.8 keV which corresponds to ∼0.4 nm in depth scale. This does not mean that the oxygen atoms distribute over 0.4 nm because the observed peak width is mainly attributed to the so-called "kinematic broadening". The energy of the scattered ions depends on the scattering angle. As the acceptance angle of the spectrometer is finite, this leads to the broadening of ion energy scattered from target atoms, even at the same depth. The calculated full width arising from the kinematic broadening is 2.3 keV in the present case. The kinematic broadening can be corrected by the Q-lens. The HRBS spectrum observed under operation of the Q-lens is shown in Fig. 1(c) . The peak width becomes as sharp as 1 keV, while the peak yield is almost the same as that without the Q-lens. The observed width corresponds to ∼0.2 nm in depth scale, showing the feasibility for oxygen depth profiling with depth resolution at an atomic level.
The yield of the silicon surface peak increases with oxidation, as can be seen in Fig. 1 . Analysis of the silicon surface peak yield, as well as observation of second layer oxidation at elevated temperatures, is now under way. The results will be published elsewhere. It should be noted that more detailed information regarding oxygen configuration might be obtained using the blocking technique if the oxide layer is not completely amorphized.
In summary, it is shown that the HRBS/channeling technique provides oxygen depth profiles with depth resolution better than 0.2 nm. After oxidation of Si(001) at RT under 2 × 10 −6 Torr oxygen partial pressure for 20 min, the coverage of oxygen was determined to be 1.2 ± 0.3 ML.
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